INTRODUCTION
Phosphatidylinositol (PI) glycans linked covalently to the Ctermini of certain proteins effectively anchor those proteins to the exterior surface of a cell's plasma membrane [1, 2] . Experimental evidence has established that the PI glycans are preassembled in the endoplasmic reticulum (ER) and attached en bloc to the nascent proteins during or immediately following the translocation of the peptides across the ER membrane [3] . Several of these glycosylphosphatidylinositol (GPI)-anchored proteins and their PI-glycan precursors have now been well characterized [2] . In each case, the C-terminus of the protein is linked via phosphoethanolamine to a glycan having the common backbone sequence: Man-Man-Man-GlcN, with the GlcN being covalently bound to PI. Superimposed upon this recurring pattern are numerous species-specific variations. Thus the trypanosome variant surface glycoprotein (VSG) anchor has a galactose (Gal) side-chain [4] , the procyclic acidic repetitive protein (PARP) anchor has a complex glycan side-chain containing Gal, GlcNAc and sialic acid [5] , and GPI anchors of mammalian cells sometimes have additional ethanolamine-phosphates [6, 7] . The functional significance of these variations remains to be elucidated.
The lipid moieties of GPI anchors can also vary in a speciesspecific or stage-specific manner. They are glycerophosphatides in VSG and PARP, or sphingosylphosphatides in GPI-anchored proteins of yeast [8] and slime moulds [9, 10] . In some of these contained primarily palmitic acid (79 %) and some stearic acid (11 %) , whereas the principal PI glycan from 38°C-grown T. mimbres contained 65 % stearic acid. In 15°C-grown cells stearic acid accounted for only 2 % of ceramide-bound fatty acids and was almost totally replaced by palmitic acid (95 %). The distributions of fatty acids bound to T. mimbres GPI-anchored proteins [Ko, Hung and Thompson (1995) Biochem. J. 307, 115-121] were similar but not identical to those of the PI glycans described here. Temperature-induced specification of the lipid components of mature T. mimbres GPI-anchored proteins appears to be established both at the level of PI-glycan synthesis and the level of PI-glycan utilization for protein attachment.
anchors an additional fatty acid (palmitic acid) esterified to the inositol ring confers resistance to the lipid moiety against cleavage by PI-specific phospholipase C (PI-PLC) [6] . Inositol acylation may be under developmental control in Trypanosoma cruzi, since PI-PLC resistance of the IG7 antigen increases as the cells develop from a non-infectious to an infectious stage [11] .
Tetrahymena mimbres and closely related Tetrahymena species are free living ciliates whose biology and biochemistry are well documented [12] . Membranes of T. mimbres contain both free PI glycans and GPI-anchored proteins [13, 14] . The free PI glycans of T. mimbres were shown to have an unusual core structure, featuring certain atypical sugar linkages [15] , but the lipid moieties have been only partly described. In this paper we further characterize two PI glycans which are candidate precursors of T. mimbres GPI-anchored proteins and show them to contain inositolphosphoryl-ceramides (InsPCers). The major T. mimbres GPI-anchored proteins are shown, in the accompanying report [16] , to contain the same kind of lipid anchors. We also report for the first time that the chain length of a PI-glycan fatty acid is determined by the cell growth temperature.
EXPERIMENTAL Cell culture and in vivo labelling
Small inocula of T. mimbres NT1 were grown in enriched proteose peptone medium to the mid-logarithmic phase Abbreviations used: ER, endoplasmic reticulum; FAME, fatty acid methyl ester; GPI, glycosylphosphatidylinositol; InsPCer, inositolphosphoceramide; ceramide-AEP, ceramide-aminoethylphosphonate; LCB, long-chain base; PI, phosphatidylinositol; Pl-PLC, phosphatidylinositol-specific phospholipase C; PI-PLD, phosphatidylinositol-specific phospholipase D; pCMPSA, p-chloromercuriphenylsulphonic acid; PARP, procyclic acidic repetitive protein; VSG, variant surface glycoprotein; TMS, tetramethylsilyl.
* To whom correspondence should be addressed. PLC from Bacillus thuringiensis (a generous gift from Dr. Martin G. Low, Columbia University) was added to the sample (or 2 4u1 of buffer to a control sample). The samples were incubated for 2 h at 37 'C. Then water-saturated butanol was added to induce a two-phase partition. Radioactivity in both phases was counted, and the butanol-rich phase was concentrated, dissolved in chloroform/methanol (1:1, v/v), and chromatographed on TLC system B. Standard lipids were chromatographed in parallel, and the sample lane on the plate was scraped and counted for radioactivity. The conditions for PI-PLD-containing rabbit serum digestion were the same as for PI-PLC treatment except that 100 mM Tris buffer, pH 7.4, containing 0.1 0% sodium deoxycholate and 2.5 mM CaCl2 was used. The PI-PLD activity in rabbit serum was pre-tested using PI as substrate.
For PI-PLC hydrolysis of GPI-anchored protein, a I mg sample of gpi 23 purified by preparative electrophoresis (see accompanying report [16] ) was treated with 34 units of PI-PLC in the above-mentioned Hepes buffer for 48 h at 37 'C. Lipid products were extracted by adding 3 vol. of chloroform/ methanol (2: 1, v/v), then 1 
Mild alkaline hydrolysis
To the butanol extract of cells, concentrated and dissolved in 100 p.l of CMW 10: 10: 3, were added 20 ,ul of 0.6 M methanolic NaOH. After incubation for 30 min at 30°C, 20 ,ul of 1 M acetic acid were added to neutralize the mixture. After the sample was dried completely under a nitrogen stream, the mild alkali-resistant lipids were extracted by water-butanol partition. The butanolsoluble lipids were chromatographed on TLC system B.
Strong alkaline hydrolysis
The TLC-purified InsPCers 1 and 2 were each dissolved in 1 ml of 1 M KOH in 80 % methanol and sealed tightly under N2 in screw-cap tubes. The samples were hydrolysed at 70°C for 18 h. After hydrolysis, 2 ml of water was added and the samples were concentrated to remove methanol. The released LCBs were recovered by three extractions with 2 ml of diethyl ether.
Strong acid hydrolysis
The TLC-purified InsPCers 1 and 2 were each subjected to strong acid hydrolysis for 18 h at 80°C using 2 M methanolic HCl in sealed tubes. The released FAMEs were extracted with hexane three times, and then the aqueous phase was adjusted to pH 11 with 1 M NaOH. The free LCBs were extracted with diethyl ether three times. The diethyl ether extracts were combined, dried and stored for further analysis. The effectiveness of the hydrolysis was proved using bovine brain cerebrosides.
Strong acid hydrolysis in deuteriated methanol
The hydrolysis was performed as described above except that fully deuteriated methanol was used instead of methanol. The extracted LCBs were then heated with 2 M H2S04 in methanol for 10 min at 50°C to remove exchangeable deuterium, and the pH was adjusted to 11. The LCBs were extracted with diethyl ether three times.
Lipid analysis by GC Capillary GC was carried out with a Varian model 3700 Gas Chromatograph using a SP2330 capillary column (0.25 mm internal diam. x 30 m). To analyse FAMEs, column temperature was held at 170°C, injector 230°C, detector 250°C, and carrier gas pressure at 16 p.s.i.
The LCBs were converted into N-acetyl-O-TMS derivatives [18] . Column temperature was held at 220°C for 2 min, then increased to 240 'C at 5 'C/min, and finally held at 240 'C. The N-acetyl-O-TMS derivatives of sphingosine and LCBs from bovine brain cerebrosides were used as standards. PI-PLD. The sensitivity of the two compounds to PI-PLC suggested that neither was acylated on its inositol ring [20] .
InsPCer 1 and InsPCer 2 are inositolphosphoceramides
Butanol extracts containing [3H]mannose-labelled InsPCer 1 and InsPCer 2 were deaminated with nitrous acid, and the products were recovered by butanol-water partition. Radioactivity measurements showed that while the butanol phase from a control sample not containing nitrous acid retained 95 % of the original radioactivity and retained the original TLC pattern (Figure 2a) , the nitrous acid-treated sample lost more than 90% of its original radioactivity into the water phase. TLC analysis confirmed that InsPCers 1 and 2 were both sensitive to deamination treatment.
TLC-purified, [3H]myristic acid-labelled InsPCers 1 and 2 were deaminated individually. In both cases the lipid products of this reaction co-migrated with PI on TLC system D (results not shown) but had slightly lower R. values than that of PI on TLC system H, as illustrated for the products of InsPCer I in Figure  2 (b). This suggested that the deamination products from InsPCers 1 and 2 were not PI.
Butanol extracts containing [3H]mannose-labelled lipids were subjected to mild alkaline hydrolysis and the lipid products were re-extracted into butanol. TLC analysis of these products showed that InsPCer 1 and InsPCer 2 were unchanged and therefore resistant to the mild alkali. This result suggested that InsPCers 1 and 2 have sphingolipid rather than the more typical [2] glycerophospholipid anchoring moieties.
[3H]Myristic acid-labelled InsPCers 1 and 2 were individually hydrolysed with 2 M methanolic HC1. TLC of the FAMEcontaining hexane extract (Figures 3a and 3c) showed that InsPCers 1 and 2 contained only normal fatty acids, lacking the (Figures 3b and  3d) .
Confirmation of the InsPCer 1 and InsPCer 2 fatty acid and LCB composition
The LCB preparation recovered after strong acid hydrolysis and positions of the two PI glycans are shown in Table 1 . We confirmed that all the fatty acids were saturated by observing an identical GC pattern after catalytic hydrogenation ofthe FAMEs. InsPCers 1 and 2 from the same cells always had the same fatty acid composition, with the major species being palmitic acid (16:0) and stearic acid (18:0). However, the ratios of the two fatty acids changed dramatically with growth temperature. The major fatty acid of both InsPCer 1 and InsPCer 2 from 15°C-grown cells was palmitic acid (96%), but the major fatty acid from 38°C-grown cells was stearic acid (64 %). Thus T. mimbres produced protein anchor precursors with longer fatty acids after acclimatizing to high-temperature conditions. The analyses reported in Table 1 were done on material from growing cells. However, analyses were also performed on InsPCers from cells which had been starved for 24 h, thereby corresponding to conditions used in isolating GPI-anchored proteins (see [16] 
DISCUSSION
Inositol-containing phosphoglycolipids have now been identified as trace components of many eukaryotic organisms [2] . Thus far, the most prevalent of these lipids have phosphoacylglycerols as their principal hydrophobic moiety, but there have been increasingly numerous reports of sphingolipid-based inositol phospholipids [22] . Representatives of the latter class, termed inositolphosphorylceramides (InsPCers), have been reported from animals as complex as Aplysia [23] , but are more frequently encountered in fungi and protozoa [22] . Although there are exceptions [24, 25] , the fungal InsPCers usually contain phytosphingosine LCB derivatives while protozoa have sphingosine bases [22] .
The InsPCers that we have described from T. mimbres are generally similar in their glycosyl moiety to a number of previously described precursors of GPI-anchored proteins, yet some features of the carbohydrate linkages are atypical. Thus the head group contains a phosphorylated Manal-2Manal-3Manal-4GlcNal-glycan attached to the inositol-containing phospholipid [15] . The 3-substituted mannose differs from the 6-substituted mannose found typically in protein-linked GPI chains and their precursor glycolipids of Trypanosoma [26] but resembles that found in Leishmania glycolipids [27] . Conversely, the terminal Manal-2Manazl-is common to the protein-linked GPI chains and the glycolipids of Trypanosoma.
In our previous work with the lipid moiety of T. mimbres, we measured the incorporation of radiolabelled myristate and inositol into material that could be extracted from delipidated proteins by chloroform/methanol/water (10:10:3) [13] . The InsPCer 1 and InsPCer 2 described in the present report correspond precisely to those previously described materials. The original partial characterization of these compounds was made by phospholipase C treatment and chemical degradation of total chloroform/methanol/water (10: 10: 3) extracts. Products identified as inositol, palmitic and stearic acids, and a non-polar lipid tentatively identified as alkyl glyceryl ether, were recovered. The additional analyses of these lipids reported here involved the individual InsPCer 1 and InsPCer 2 further purified by elution from TLC plates. This not only permitted us to compare the two components but also eliminated certain other polar lipids which were in some cases retained in the protein residue after delipidation and therefore included in chloroform/methanol/water (10: 10: 3) extracts. These latter impurities may have given rise to the alkyl glyceryl ethers reported earlier [13] , but not confirmed here.
Chromatographic and mass spectral analyses establish that the lipid anchors of InsPCers 1 an.d 2 are ceramides. Determination of the LCB and fatty acid composition of the two InsPCers indicates that the lipid moieties of these compounds are nearly identical with respect to their hydrocarbon chain length distributions. Since the presence of inositol and phosphorus in each InsPCer was confirmed in our previous study [13] , the complete structures of the anchoring lipids are established. At the present time we do not know how InsPCer 1 and InsPCer 2 differ from each other structurally. There may be additional attachments on the glycan chain which have not yet been identified.
In their detailed composition, the InsPCers are surprisingly distinct from the assemblage of ceramide-AEPs which co-exist with them in much greater abundance [18] . 3-0-Methyl-LCBs have been reported for years [28] and are generally assumed to arise entirely as minor artifacts of methanolic hydrolysis. It was therefore unexpected that the LCB derived from the InsPCers and the InsPCer-containing proteins [16] were all methylated at the 3 position. Initially we also assumed that this methyl group was an artifact, although hydrolysis of other sphingolipids such as brain cerebrosides and ceramides and T. mimbres ceramide-AEPs yielded only traces of material having the same TLC mobility. The [29] . Methylation of the hydroxy group at position 3 could well interfere with the cleavage reaction. The metabolic pool which most resembles the InsPCer fatty acid composition is that containing the cell's free fatty acids. This pool amounts to less than 1 % of the cell's ester-bound fatty acids and is composed largely of 16:0 and 18:0 fatty acids [30] . Here, too, increasing growth temperature forced a drop in the ratio of palmitic acid/stearic acid from 2.2 in 15°C-grown cells to 1.7 in 38°C-grown cells. The remainder of the cellular lipids are predominantly glycerophospholipids, which are highly enriched in polyunsaturated fatty acids and respond very differently to temperature change [31] .
The structure of the T. mimbres InsPCer lipid moiety and its environmentally induced changes closely resemble those described in the companion report concerning lipid anchors of T. mimbres GPI-anchored proteins [16] . Our previous 3H-precursor pulse-labelling studies [14] also indicated a metabolic connection. Thus the pattern of increased InsPCer labelling over a period of about 6 h was distinctive (membrane phospholipids reach constant specific radioactivity within minutes [32] ) and was followed by a steady decline to barely measurable levels by 24 h. Radioactivity first appeared in the GPI-anchored proteins only during the period of InsPCer decline. Those findings, taken together with the relatively small InsPCer pool size, compared with that of glycoinositol phospholipids found in parasitic protozoa [33] , and the close structural similarity between component lipids of these two classes, as reported here, strongly suggest that the T. mimbres InsPCers function mainly as precursors of GPI-anchored proteins. However, identification of the atypical [15] glycan linkage of the InsPCers in the mature GPIanchored proteins will be necessary to confirm the precursorproduct relationship. At the present time we cannot eliminate the possibility that some of the InsPCers are metabolic end-products having non-precursor functions of their own. Such mixtures have been reported in Leishmania [34] . Meanwhile, further studies of regulatory mechanisms responsible for the observed specificity in sphingolipid synthesis, utilization and modification are in progress.
